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Abstract
Angle dependent yield functions for different Neutron Monitor types are calculated using a simulation
of cosmic ray air showers combined with a detection efﬁciency simulation for different secondary particle
species. Results are shown for IGY and NM64 conﬁgurations using the standard
1
0BF
3 detectors and the
new
3He detectors to be used in the Spaceship Earth Project (Bieber and Evenson, 1995). The method of
calculation is described in detail and the results are compared with measurements and previous calculations.
1 Introduction:
In order to understand the ground-based neutron monitor (NM) as a primary particle detector, a relationship
between the count rate and primary ﬂux must be established (Simpson 1948, Hatton 1971). Primary particles
not rejected by the geomagnetic ﬁeld enter the atmosphere and undergo multiple interactions resulting in
showers of secondary particles which may reach ground level and be detected by a NM. Therefore a NM yield
function of primary particles must incorporate the propagation of particles through the Earth’s atmosphere and
the detection response of a NM to secondary particles such as neutrons, protons, muons and pions.
2 Neutron Monitor Detection Efﬁciency:
To determine the neutron monitor (NM) detection response of secondary particles at ground level a simula-
tion was performed using a3-dimensional particle transport package entitled FLUKA(FLUcuating KAscades)
(Fass´ o, el al., 1997) combined with programs written by the author to simulate the proportional tube and elec-
tronics response to energy deposition in the gas. The standard dimensions and composition of materials of a
IGY and a NM-64 were used as input to the geometry (Hatton 1971). Initially a four meter diameter parallel
beam of mono-energetic particles at a ﬁxed angle fully illuminates the neutron monitor and is repeated for
different incident beam angles, initial energy and particle species. Data are stored for every beam particle that
produces a minimum value of energy deposited in any counter. These data are then used to generate a pulse
height distribution which is integrated (with dead-time and pile-up effects) to determine the total number of
counts per beam luminosity (number of beam particles/beam area).
Figure 1 displays the resulting detection efﬁciency of a NM-64 with
1
0BF
3 counters for 6 different particle
species including neutrons, protons, positive and negative pions and muons for the vertical incident direction.
Detector response is optimized to measure the hadronic component of ground level secondaries. The NM
response from muons above 1 GeV is roughly 3.5 orders of magnitude below the hadrons. In this energy
region, the primary mechanisms for muon induced counts is neutron production in photo-nuclear interactions
and electromagnetic showers resulting in multiple ionization tracks in a counter. Below 1 GeV, stopping
negative charge muons are captured by a lead nucleus into a mesic orbit and absorbed by the nucleus. The
de-excitation of the nucleus occurs with the emission of neutrons which is reﬂected in the rise in detection
efﬁciency with decreasing energy.
As expected, there is practically no difference in the response between neutrons and protons in the high en-
ergy region, while at lower energies the ionization energy loss of protons become signiﬁcant, greatly reducing
the probability of an interaction, which is reﬂected in the decreasing detection efﬁciency. Positive and nega-
tive charged pions produce almost identical responses at high energies while at lower energies negative pions
undergo nuclear capture like negative muons, however the pion absorption time after capture is much less
compensating the pions shorter decay-time as reﬂected in the rise in negative pion efﬁciency. It also should
be noted that the pion inelastic cross sections are smaller than those of a nucleon in the high energy regionFigure 1: BP-28 NM64 calculated detection efﬁcency of secondary par-
ticles arriving in the vertical direction.
and therefore have alower detection
response since the NM vertical lead
depth is only 80
% of the nucleonic
inelastic interaction pathlength.
Shown in ﬁgure 2 is the result-
ing detection efﬁciency for protons
and neutrons in NM-64 and IGY
compared with Hatton’s calculation
(1971) and NM-64 accelerator data
(Shibata, et al., 1997). The dashed
lines represents Hatton’s calcula-
tion and solid lines represents this
calculation. Unfortunately, the data
lie in the only region where the cal-
culations agree and the dataare con-
sistent with both calculations. Co-
incidently, in this region lies the
peak response for both NM-64 and
IGY when ground-level spectra are
considered. It is not clear why the
Figure 2: Comparison of NM detection efﬁciency with data and a pre-
vious calculation.
two calculations differ outside this
region.
Figure 3 displays the calculated
detection response of an NM-64 for
vertical incident neutron and pro-
ton beams. We show simulations
for the traditional BP-28 detector
employing
1
0BF
3 and for a detec-
tor using
3He that we designed to
have a similar response. The calcu-
lated
3He NM-64 response is sys-
temically slightly higher. Pyle, et
al. (1999), reporting preliminary
results from a recent latitude sur-
vey, suggest that the
3He NM-64 re-
sponse is roughly 5
% higher than
predicted by this calculation. Var-
ious small effects in the survey sys-
tem not included in this simulation
could contribute to this difference.
3 Yield Functions:
The propagation of primary particles through the Earth’s atmosphere was calculated with the three di-
mensional Monte Carlo transport program FLUKA which is the same package that was used to calculate the
neutron monitor (NM) detection efﬁciency. Primary particles are ﬁltered through either a uniform or angle de-
pendent effective rigidity cutoff (Clem et al., 1997, Lin et al., 1995) calculated for each geographical location,
and the surviving particles are transported through the atmosphere. The simulated ground-level particle inten-
sities, folded with the calculated NM detector response are then used to calculate a geographically dependentFigure 3: Calculated detection efﬁciency of
3HeNM-64 and
1
0BF
3 NM-
64 for protons and neutrons.
counting rate. The details of the
simulation are described below.
Monoenergetic primary protons
and alphas are generated at different
ﬁxed incident directions within the
rigidity range of 1GV — 2000GV.
Alpha particles are initially trans-
ported with a separate package
called HEAVY(Engel1992) tosim-
ulate fragmentation. This pack-
age interfaces with FLUKA to pro-
vide interaction starting points for
each nucleon originating from a he-
lium nucleus. The atmosphere is
divided into sixty Earth-size (bot-
tom boundary radius = 6378km)
concentric spherical shells with dif-
fering radii and density to sim-
ulate the actual density proﬁle
(Gaisser 1990) with a vertical total
1033g/cm
2 column density for sea
Figure 4: In the right frame, the yield function of an IGY (dashed lines)
and NM64 (solid lines) from primary protons arriving at 0
o,4 5
o and
60
o incidence are shown. In the left frame, the yield function of NM64
from primary alphas (dashed lines) are also shown for same arriving
incidence. The solid lines shown in both frames are the same.
level. Above 500 meters the at-
mospheric composition (Zombeck
1982) is constant with a 23.3
% O
2,
75.4
% N
2 and 1.3
% Argon distribu-
tion by mass while below 500 me-
ters a varying addition of H
2 from
0.06
% at sea-level to 0.01
% at 500
meters is included to account for
the abundance of water vapor. The
outer air-space boundary is radially
separated by 65 kilometers from the
inner ground-air boundary. A sin-
gle 1 cm
2 element on the air-space
boundary is illuminated with pri-
maries. This area element deﬁnes
a solid angle element with respect
to the center of the Earth which
subtends a slightly smaller area el-
ement on the ground. Particle in-
tensity at sea-level is determined by
superimposing all elements on the
bottom boundary. Due to rotational
invariance this process is equivalent
to illuminating the entire sky and
recording the ﬂux in a single element at ground level, but requires far less computer time.
To convert ground-level particle intensities to a NM counting rate one must weight each ground level
particle by the NM detection efﬁciency, as described in the previous section. Therefore the NM yield functionof primary particles is the sum of ground level particles weighted by the NM detection efﬁciency divided
by the primary particle beam density of ﬁxed rigidity and incident angle. In other words, the yield function
represents the NM detection efﬁciency of primary particles. Figure 4 displays the yield function calculation
at sea level for 3 different conditions. The solid line in both left and right frames represents the NM-64 yield
function from primary protons arriving at different ﬁxed incident angles with respect to the zenith at the top of
the atmosphere. The top curve represents vertical incident primaries with 0
o, the middle curve represents the
45
o incident direction and the bottom is 60
o. The dashed lines in the left frame represents the NM-64 yield
function for primary alpha particles while the dashed lines in the right frame represents the IGY yield function
for primary protons. As expected, the smaller IGY results in a lower yield function, but having a similar shape.
For the same high rigidity, one would expect alphas to have a higher yield due to having a larger total kinetic
energy than protons, however at lower rigidities the higher ionization energy loss of alphas is more effective
in preventing inelastic collisons than for protons, which is reﬂected in the cross-over in yields.
The NM response function can be determined by folding the primary proton and alpha cosmic ray spectra
with the appropriate yield function. The counting rate for latitude surveys can then be calculated through
integrating the resulting response functions over rigidity. These are compared to latitude survey observations
in Clem et al. (1997, 1999). They show the simulation represents the data fairly well, however it produces a
slope that is roughly 1
% steeper than observations using primary spectra from Badhwar et al. (1997) and Seo
et al. (1991) with proper solar modulation parameters.
4 Summary:
The simulated detection efﬁciency seems to be in agreement with published measurements, however the
origin of the difference between this work and Hatton’s calculation (1971) is not yet known. Even though
more work is needed to determine the source of the discrepancies between the latitude survey calculation and
observations, the current version of the simulation seems to perform fairly well considering the technique
used, in which the fundamental nature of each component in a neutron monitor can be analyzed separately.
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